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ABSTRACT .
In this thesis the propagation characteristics of non-radiating dielectric wave-
guides (NRD guide) and its feasibility for end-fire and leaky-wave antenna struc-
tures in the W frequency band were studied. To obtain the propagation con-
stant, MARCATILI’s approximation method was extended to be used with NRD
guides and the outcome was verified with simulation results. In order to connect
the NRD guide to standard metal waveguides a new direct connection transition
was developed and a prototype was manufactured and measured. Based on the
concept of a dielectric rod waveguide antenna an NRD guide end-fire antenna
is presented and verified experimentally based on the the same experimental
NRD guide used for the transition. Furthermore a concept for a new type of
periodic leaky-wave antenna based on the NRD guide is presented, where high
impedance surfaces allow the radiated electromagnetic wave to propagate out of
the waveguide structure.
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1 INTRODUCTION
The non-radiating dielectric waveguide (NRD guide) is a waveguide for the mil-
limeter wave frequency range which offers interesting properties. It can be con-
sidered as a standard metal waveguide with the upper and lower plates removed,
and the sidewalls extended and placed closer to each other. Its structure is similar
to that of an H-guide, however it is capable of suppressing radiation loss, which
is a problem with dielectric waveguides.
Using high permittivity dielectric materials it is possible to design dielectric rod
waveguides (DRW) for high frequencies with small dimensions, enabling transi-
tions to the standard metal waveguide. By chosing high permittivity dielectric
materials with a low dielectric loss tangent for the dielectric material in the NRD
guide, the NRD guide can be used in the desired W frequency band ranging
from 75 to 110 GHz and transitions to other waveguides can be introduced so
that the NRD guide can be integrated in millimeter wave circuits. The research
for this thesis was carried out during a study visit at the Department of Radio
Science and Engineering1 at Aalto University2 School of Science and Technology3
(formerly known as Helsinki University of Technology) in Espoo, Finland. Based
on previous research on dielectric rod waveguides in the W frequency band at
the department, the propagation characteristics of NRD guides and its feasibility
for both end-fire and leaky-wave antenna structures were studied in this thesis.
MARCATILI’s method is an approximation method used for rectangular shaped
dielectric waveguides to estimate the propagation constant. In this thesis MAR-
CATILI’s method was extended to be used for NRD guides. The knowledge of
the propagation constant of the NRD guide mode of operation is crucial for the
design of periodic leaky-wave antennas. After theoretically deriving the approx-
1http://radio.tkk.fi/en/
2http://www.aalto.fi/en/
3http://www.tkk.fi/en/
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CHAPTER 1. INTRODUCTION
imation method based on the assumptions used in MARCATILI’s method, the
results were compared to the dispersion characteristics obtained by simulating
the NRD guide structure with the finite element method solver Ansoft4 HFSS
(High Frequency Structural Simulator).
In order to connect an NRD guide to a standard metal waveguide, a proper
transition is needed. This transition should offer low reflection, good transmis-
sion characteristics and should be easy to manufacture. Therefore different types
of transitions were studied. A experimental prototype of the transition was then
assembled and measured. Previously certain DRW end-fire antennas were pre-
sented at the Department of Radio Science and Engineering, also for theW band.
Based on that concept, and NRD guide end-fire antenna was developed. The pro-
totype of the transition was then used for the measurement of the radiation char-
acteristics of the NRD guide end-fire antenna. The experimental end-fire antenna
was therefore measured in the anechoic antenna chamber of the deparment.
To verify the radiation characteristics, the results were compared to the ones ob-
tained from simulating the structure within HFSS. As mentioned before, the NRD
guide suppresses radiation out of the structure while operating in the mode for
which the electric field is parallel to the metal plates. In this thesis a concept
for periodic leaky-wave antennas based on NRD guides is presented. In order
to allow radiation, caused by introduced discontinuities, out of the waveguide
structure, the properties of the sidewalls need to be changed. High impedance
surfaces (HIS) can be placed on the inner surface of the metal plates to alter its
characteristics and make the antenna structure leaky. HIS are frequency selective
surfaces (FSS), however at previous research at the Department of Radio Science
and Engineering a voltage controlled HIS was presented. This offers interesting
possibilities also for the proposed leaky-wave antenna concept.
4http://www.ansoft.com/
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2 NON-RADIATING DIELECTRIC
WAVEGUIDES
In this chapter the propagation characteristics of non-radiating dielectric wave-
guides (NRD guide) in the W frequency band ranging from 75 to 110 GHz are
discussed and MARCATILI’s method was extended to be used for NRD guides.
The results of the calculated propagation characteristics were then verified by
simulation results using the finite element method (FEM) solver Ansoft HFSS.
Furthermore a novel metal waveguide to NRD guide transition is presented. The
simulated results of the transition were verified with an experimental NRD guide.
2.1 Basic principles
2.1.1 MAXWELL’s equations
The MAXWELL equations are a set of four differential equations giving the rela-
tions between the electric and magnetic field and their sources. Their differential
forms are given as [1]
∇ ·D = ρ (2.1a)
∇ · B = 0 (2.1b)
∇× E = −∂B
∂t
(2.1c)
∇×H = Jf + ∂D
∂t
(2.1d)
with (2.1a) being GAUSS’s law, (2.1b) GAUSS’s law for magnetism, (2.1c) FARA-
DAY’s law and (2.1d) AMPÈRE’s circuital law with MAXWELL’s correction where D
is the electric displacement field, B the magnetic flux density field, E the electric
field and H the magnetic intensity field.
3
CHAPTER 2. NON-RADIATING DIELECTRIC WAVEGUIDES
The electric displacement field is related to the electric field with the polariza-
tion density P:
D = ε0E+ P (2.2)
where ε0 is the permittivity of free space. In a linear, homogeneous and isotropic
dielectric equation (2.2) is
D = εE (2.3)
where ε = εrε0 is the permittivity and εr the relative permittivity of the material.
The magnetic field intensity and the magnetic flux density are related to each
other with the magnetizationM:
H =
B
µ0
−M (2.4)
where µ0 is the permeability of free space. If there exists an approximately linear
relationship between M and H, which is the case for a large class of magnetic
materials [1], H and B are also related linearly to each other and equation (2.4)
simplifies to
B = µ0µH (2.5)
where µ is the permeability of the material. For a more detailed discussion of
MAXWELL’s equations refer to [1].
Boundary conditions
The boundary conditions at the interface between two general medias are de-
rived from MAXWELL’s equations [2]:
n · (D2 −D1) = ρes , (2.6a)
n · (B2 − B1) = ρms , (2.6b)
n× (E2 − E1) = −Ms , (2.6c)
n× (H2 −H1) = Js , (2.6d)
where [3] ρes is the electric surface charge density, ρes the magnetic surface
charge density, Ms the magnetic surface current density, Js the electric surface
4
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ε1
ε2
E1n
E2n
E1t
E2t
E1 = E1t + E1n
E2 = E2t + E2n
(a)
ε1
ε2
D1n
D2n
D1t
D2t
D1 = D1t +D1n
D2 = D2t +D2n
(b)
Figure 2.1: Decomposition of the (a) electric field and (b) electric flux density at the
interface of two dielectrics with different relative permittivity into tangential and nominal
components
current density and n is the unit normal vector.
Figure 2.1 illustrates the decomposition of the electric field and the electric
flux density into their tangential and normal components at the boundary of two
dielectrics with different relative permittivity. The tangential component of the
electric field is continous across that boundary,
E1t = E2t , (2.7)
whereas for the electric flux densityD the normal component is continous across
the boundary. With D = εE = ε0εrE the second boundary condition for the
electric field then is:
εr1E1n = εr2E2n . (2.8)
The conditions for the magnetic field intensity H and the magnetic flux den-
sity B at the interface of two media with different permeability µ1 ￿= µ2 can be
obtained similar to the conditions for E and D [1]:
H1t = H2t , (2.9)
and with B = µµ0H
µ1H1n = µ2H2n . (2.10)
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x
y
z
θ
ϕ
P
r
Figure 2.2: Cartesian and polar coordinate system
Wave equation
The propagation constant γ of a wave traveling along the z -direction with the
form
E(x , y , z) = E(x , y) · e−γz , (2.11a)
H(x , y , z) = H(x , y) · e−γz (2.11b)
is defined as
γ = α + jβ , (2.12)
where α is the attenuation constant and β the phase constant.
A field which is both a function of time and space is refered to as a wave.
Being more restrictive with the defintion, a wave is a solution of a wave equation
[4]. Thus, the electric and magnetic field have to fulfill the HELMHOLTZ equation
∇2Ψ+ k2Ψ = 0 , (2.13)
where k = k0
√
εr is the wavenumber in the region of propagation and k0 the
wavenumber in free space. The wavenumber is the spatial equivalent to fre-
quency telling the number of radians per unit length and it is real valued for loss-
less media and complex valued for lossy media. The HELMHOLTZ equation is a
6
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special case of the wave equation in three dimensions and gives￿
∂2
∂x2
+
∂2
∂y 2
+
∂2
∂z2
￿
· E+ k2 · E = 0 , (2.14a)￿
∂2
∂x2
+
∂2
∂y 2
+
∂2
∂z2
￿
·H+ k2 ·H = 0 (2.14b)
for the electric and magnetic field respectively (the coordinate system is illus-
trated in Figure 2.2). If a time harmonic wave E,H ∼ e jωt is considered, the
propagating electric and magnetic wave can be described as
E(x , y , z , t) = E · e j(ωt−kxx−ky y−kzz) , (2.15a)
H(x , y , z , t) = H · e j(ωt−kxx−ky y−kzz) . (2.15b)
To get the relation for the wavenumber components of the propagating wave,
the HELMHOLTZ equation for either the electric or the magnetic field is calculated.
Inserting the electric wave equation (2.15a) into equation (2.14a) leads to
− ￿k2x + k2y + k2z ￿ · E+ k2 · E = 0 . (2.16)
and subsequently to the equation for the cartesian wavenumber components:
k2x + k
2
y + k
2
z = k
2 . (2.17)
If the z -axis is defined as the direction of propagation, the kz wavenumber com-
ponent tells us for a given frequency the speed with which the nodes of the wave
are propagating along the guiding structure [5] and is equal to β in equation (2.12).
As time harmonic waves are considered, MAXWELL’s equations (2.1c) and (2.1d)
can be rewritten as (using ∂∂t = jω)
∇×H = jωεE , (2.18a) −∇× E = jωµH . (2.18b)
7
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u
w
y
x
z
l
Figure 2.3: Schematic model of a WR-10 rectangular waveguide for the W band having
the inner dimensions [mm] w = 2.54 and u = 1.27 [6]
2.1.2 Standard metal waveguides
Hollow metal waveguides are not supporting transversal electromagnetic (TEM )
waves, but instead the propagating waves are transversal electric (TE ) and trans-
versal magnetic (TM ) waves. The most common hollow waveguide has a rect-
angular cross-section as sketched in Figure 2.3. It is standardized with different
sizes for frequencies as high as 333 GHz [6].
For TE modes for which the electric field has no component in the direction of
propagation, the wavenumber components kx and ky can be derived by applying
boundary conditions as [6]
kx =
nπ
w
, n = 0, 1, 2, ... (2.19)
ky =
mπ
u
, m = 0, 1, 2, ... (2.20)
and now equation (2.17) can be written as
kz =
￿￿￿￿￿2π
λ0
￿2
−
￿
nπ
w
￿2
−
￿
mπ
u
￿2
. (2.21)
For the TE10 mode (the distribution of the electric and magnetic field is illus-
trated in Figure 2.4a) the electric field in the waveguide has the form shown in
Figure 2.4b,
Ey = E0 sin kxxe
ωt−kzz (2.22)
withm = 0, and thus ky = 0. The guide wavelength of the waveguide is calculated
8
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y
x
u
w
E
H
(a)
Ey
x
w
(b)
Figure 2.4: (a) Electric and magnetic field lines for the TE10 mode in the cross-sectional
plane of a rectangular waveguide [6] and (b) the distribution of the electric field for some
value of z [5]
by [6]
λg =
2π
β
=
λ0￿
1− (λ0/λc)2
=
λ0￿
1− (fc/f0)2
, (2.23)
where λ0 is the free-space wavelength and λc and fc the cut-off wavelength and
frequency, respectively. For high frequencies equation (2.23) approaches the
free-space wavelength λ0, whereas for lower frequencies the value inside the
square root of equation (2.21) eventually becomes negative. For the case that
λ0 > 2w equation (2.21) for the TE10 mode turns imaginary, kz = ±jk ￿, and sub-
stituting it in equation (2.22) leads to
Ey = E0 sin kxxe
±k ￿ze jωt . (2.24)
This represents a wave oscillating with time but decaying exponentially along
the waveguide away from the source and which is not able to propagate in the
waveguide. The cut-off frequency for the different TEnm modes is given by [6]
fc,nm =
c
2π
￿￿￿￿￿nπ
w
￿2
+
￿
mπ
u
￿2
(2.25)
where c is the velocity of light. For the W band with the frequency range of
75 to 110 GHz the inner dimensions of the waveguide are set by the waveguide
standard WR-10 [7] to be [mm] w = 2.54 and u = 1.27. A detailed analysis of the
rectangular waveguide can be found for instance in [5] and [6]. The TE10 mode in
the rectangular waveguide can be represented as the superposition of two TEM
waves reflected by the walls of the waveguide as shown in Figure 2.5.
9
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x
z
Figure 2.5: Decomposition of the TE10 mode into two plane waves inside a rectangular
waveguide [6]
2.1.3 Dielectric rod waveguides
The dielectric rod waveguide (DRW) is a dielectric waveguide having a rectangular
cross-section. Compared to low permittivity dielectric rod waveguides, DRWwith
high permittivity material have the advantage of smaller dimensions. Thereby, it
is easier to manufacture and integrate in systems working at millimeter wave
frequencies and also enables transitions to standard rectangular waveguides.
Nowadays it is possible to manufacture components with small dimensions with
the needed precision [8]. It is therefore desirable to chose high permittivity di-
electrics with relative permittivity of 10-15 and a low loss tangent [9].
For the dielectric rod waveguide two families of guided modes exist: the E ypq
modes and the E xpq modes, with p and q indicating the mode order corresponding
to the number of maxima the field distribution has across the structure in the x -
and y -direction, respectively. The upper letters x and y indicate the strongest
component of the electric field [9] in that mode. Figure 2.7 exemplarily demon-
strates the field distributions for the E y11 mode.
εr
a
b
Figure 2.6: Cross-sectional view of a dielectric rod waveguide with width a and height b
having the permittivity εr
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εr
a
x
Ey or Hx
cos (kxx)
b
y
or
Ey
Hx
cos (kyy)
Figure 2.7: Illustration of the distribution of the field components Ey and Hx for the E y11
dielectric rod waveguide mode [10]
Table 2.1: Dielectric properties of materials at 140GHz [9]
Material Si Diamond GaAs Sapphire
Crystal
structure
Diamond Diamond Zinc blende Wurtzite
Relative
permittivity
11.6− 11.8 5.66 10.9− 13.03 9.39, 11.56
tan δ [×10−4] 0.03 0.06 3− 14 1.1− 1.4
11
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E
a < λ2
(a)
E
a
(b)
εr
a
H
E
(c)
Figure 2.8: Principle of operation of the NRD guide: (a) Rectangular waveguide working
below cutoff, (b) parallel plates waveguide still below cutoff and (c) low-loss LSM01 mode
electric and magnetic field lines for non-radiating dielectric waveguides [11]
2.1.4 Non-radiating dielectric waveguides
The non-radiating dielectric waveguide (NRD guide) was first proposed by Yone-
yama and Nishida [12] and, since then, has been widely adapted in the millimeter-
wave field. It is a low-loss transmission line with a topology similar to the H -
guide. NRD guide components can be easily employed in monolithic millimeter
integrated circuits (MMIC). The main advantage of the NRD guide is the non-
radiating behaviour outside of the dielectric strip between the metal plates where
the spacing is less than half the free-space wavelength and the cut-off state is
reached. However, in the dielectric strip the wave can propagate because the
wavelength is shortened and therefore removes the cutoff. The principle of oper-
ation is illustrated in 2.8. In most of the cases, the preferred mode of operation
is the longitudinal section magnetic (LSM ) hybrid mode [13], where the magnetic
field lines are parallel to the air/dielectric interface compared to the electric ones
for LSE modes as shown in 2.8c. Therefore the primary LSM01 mode has lower
conducting and dielectric losses. The wave propagation inside the NRD guide
for the LSM01 mode is similar to the propagation in the rectangular waveguide,
where plane waves propagate in zigzag path through the waveguide [14].
Besides the standard NRD guide shown in Figure 2.9a, there also exist a
model of an asymmetric NRD guide with a gap between the dielectric rod and
12
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εr
a
b
dt
(a)
εr
a
g
b
dt
(b)
εr
a
b
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(c)
Figure 2.9: Cross-sectional view of the (a) symmetric NRD guide, (b) asymmetric NRD
guide with introduced gap [15] and (c) symmetric NRD guide with a narrow dielectric rod
having permittivity εr ; with b being the height, a the width of the dielectric rod, d the
separation between the parallel metal plates and t the thickness of the plates
one metal plate (Figure 2.9b). While manufacturing, this kind of gap can be
caused for instance due to bended metal plates. Reaching a certain value, the
gap g causes a shift in the phase constant β resulting also in a shift of the guide
wavelength λg and leakage away from the dielectric rod [15]. The NRD guide is
used for various antenna concepts [16] [17].
In this thesis MARCATALI’s method is extended for the use with non-radiating
waveguides. The primary LSM mode of propagation in the NRD guide is similar
to the E y11 mode in the DRW, with the assumption that Ey is the main electric
field component. Connecting the NRD guide to a standard metal waveguide with
a proper transition, the dominant LSM mode can be excited by the TE10 mode of
a standard metal waveguide.
Due to the symmetric geometry of the NRD guide, symmetry planes can
be introduced to reduce the complexity in electromagnetic field simulations (Fig-
ure 2.10). Thus, only one quarter of the model has to be simulated. The boundary
conditions for the electric symmetry plane are
Et = 0 , (2.26a)
Hn = 0 , (2.26b)
13
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H symmetry plane
E symmetry plane
Figure 2.10: NRD guide symmetry planes
E
H
(a) electric symmetry
E
H
(b) magnetic symmetry
Figure 2.11: Symmetry planes
and for the magnetic symmetry plane
En = 0 , (2.27a)
Ht = 0 . (2.27b)
14
CHAPTER 2. NON-RADIATING DIELECTRIC WAVEGUIDES
εr E sym.
plane
H sym. plane
h￿
b￿
a￿
d ￿
PEC
RBC
(a) a < d
εr E sym.
plane
H sym. plane
h￿
b￿
a￿
PEC
RBC
(b) a = d
Figure 2.12: HFSS simulation model cross-sections of the NRD guide using electric and
magnetic symmetry planes with a￿ = a/2, b￿ = b/2, d ￿ = d/2 and h￿ = h/2 .
2.2 NRD guide model
To study the propagation characteristics of the NRD guide a waveguide model
was designed and simulated with Ansoft HFSS. HFSS is a finite element method
solver for electromagnetic structures. The cross-section of the two NRD guide
models simulated are shown in Figure 2.12 on page 15. For the model depicted
in Figure 2.12a the dielectric rod having a smaller width than the distance of the
metal plates a < d was placed symmetrically between the parallel metal plates,
whereas Figure 2.12b illustrates the classical NRD guide with a = d . The metal
plates were modeled assigning perfect electric conductors (PEC) for the side wall
of the air box and the electric and magnetic symmetry planes as described in Sec-
tion 2.1.4 were utilized to shorten simulation time. At the top face of the airbox
radiation boundary condition (RBC) was assigned. As the dielectric rod silicon
with a relative permittivity of εr = 11.9 (value used in HFSS) was chosen.
For the non-radiating behaviour of the waveguide the distance of the metal
plates has to fullfill the condition d < λu02 for the upper limiting frequency fu of the
desired frequency range. The upper limiting frequency was set to fu = 100 GHz
15
CHAPTER 2. NON-RADIATING DIELECTRIC WAVEGUIDES
and thus
d <
λu0
2
=
c
2 · fu ≈ 1.5 mm , (2.28)
d = 1.4 mm , (2.29)
with c being the speed of light. In theory the limiting frequency for the defined
distance would be fu|d=1.4 mm ≈ 107.14 GHz. The dimensions of the silicon rod
for the NRD guide shown in Figure 2.12a with a < d were derived from [9] with
a = 0.5 mm and b = 1 mm. The height of the metal plates was set to be h = 3 mm.
With HFSS port mode simulation the guide wavelength λg and the propaga-
tion constant kz were obtained. The dispersion diagrams kz/k0−f for the classical
NRD guide with a = d are presented in Figures 2.13 and A.1 for different values
of the dielectric rod height b. The guide wavelength is shown in Figure 2.14 on
page 18 for in mm b = 0.5 and b = 0.75 and in Figure A.2 on page 93 for in mm
b = 0.6 and b = 0.7. It is also possible to derive the propagation constant kz and
the guide wavelength λg analytically from the simulation results as described in
Appendix D.
16
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Figure 2.13: Simulation results of the propagation constant kz of the classical NRD guide
a = d
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Figure 2.14: Simulation results of the guide wavelength λg of the classical NRD guide
a = d
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2.3 MARCATILI’s method for non-radiating dielectric
waveguides
In contrast to circular dielectric waveguides, of which the propagation character-
istics can relatively easily be calculated using Bessel functions, the geometry of
rectangular shaped dielectric waveguides makes it rather difficult. The reason is,
that the field of the modes is diverging in the corners of the waveguide which
complicates the design of converging numerical algorithms. An accurate analysis
of this problem is discussed by Sudbø [18].
TheMARCATILI method is an approximation method which was first presented
by Enrico A. J. Marcatili in the Bell Labs Technical Journal in 1969 [19]. It can be
used to calculate the propagation constant of a rectangular waveguide. Therefore
a rectangular waveguide as shown in Figure 2.15 is modeled, consisting of a core
with high refractive index n1 in the middle, denoted as area I in the model, sur-
rounded by homogenous regions II, III, IV and V with low refrective indices n2..5.
For the case that the propagation constant is far from the cut-off, the electro-
magnetic field is mainly distributed in the core and only a small part of its energy
spreads to the surrounding regions. The energy distributed in the shaded areas
is even less and can therefore be disregarded [20].
As outlined in more detail in Appendix C the electric and magnetic field can be
described by longitudinal and transverse components [21]. Using the MAXWELL
equations
∇× E = −µ∂H
∂t
= −jωµH (2.30a)
∇×H = ε∂E
∂t
= jωεE (2.30b)
The vectors of the electric and the magnetic field can be divided into a longi-
tudinal and a transversal component
E = ezEz + Et (2.31a)
H = ezHz +Ht . (2.31b)
Furthermore the vector differential operator del, represented by the greek symbol
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Figure 2.15: The cross-sectional view of a dielectric rod waveguide in MARCATILI’s
method
∇, is expressed in the same manner:
∇ = ez
∂
∂z
+∇t , (2.32)
with
∇t = ex
∂
∂x
+ ey
∂
∂y
. (2.33)
The longitudinal field components traveling along the structure can be expressed
as
Ez = Ez(x , y)e
−jkz z , (2.34a)
Hz = Hz(x , y)e
−jkz z , (2.34b)
and thus the derivative in the direction of propagation is
∂
∂z
= −jkz . (2.35)
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Substituting equations (2.32) and (2.35) into equation (2.30a) leads to￿
∇t + ez ∂
∂z
￿
× (ezEz + Et) = −jωµ(ezHz +Ht) , (2.36)
∇t × ezEz +∇t × Et + ez ∂
∂z
× Et = −jωµ(ezHz +Ht) . (2.37)
The z and the transversal components then are given as:
longitudinal: ∇t × Et = −jωµezHz , (2.38a)
∇t ×Ht = jωεezEz . (2.38b)
transversal: ∇t × ezEz + ez ∂
∂z
× Et = −jωµHt (2.38c)
∇t × ezHz + ez ∂
∂z
×Ht = jωεEt (2.38d)
Finally the transversal components of the electric and magnetic field can be ex-
pressed by the longitudinal components Ez and Hz as
Ht =
1
k2z − k2
￿
jkz∇tHz + jk2εez ×∇tEz
￿
, (2.39a)
Et =
1
k2z − k2
￿
jkz∇tEz − jk2µez ×∇tHz
￿
. (2.39b)
After obtaining the transversal components kx and ky of the wavenumber k , the
propagation constant kz can be calculated:
k2z = k
2 − k2x − k2y , (2.40a)
kz =
￿
k20εr − k2x − k2y . (2.40b)
The wavelength of a waveguide mode is given by [21]
λg =
2π
kz
. (2.41)
In MARCATILI’s method the transversal components is estimated by considering
vertical and horizontal dielectric slab waveguides [22].
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εr
a￿
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d ￿
x
0
y
E
Figure 2.16: Cross-sectional view of the vertical dielectric slab waveguide for MAR-
CATILI’s method embedded between parallel metal plates (refer to Figure 2.9c) with width
a = 2a￿ and distance of the metal plates d = 2d ￿
Vertical dielectric slabwaveguide embedded between parallelmetal
plates
To use MARCATILI’s method for the chosen NRD guide the assumptions for the
vertical dielectric slab waveguide have to be extended. Therefore parallel con-
ducting plates separated by the distance d in which the slab waveguide is em-
bedded symmetrically as shown in Figure 2.16 are modeled. For the vertical
dielectric slab waveguide no dependence of the field components in the vertical
y -direction is assumed ( ∂∂y = 0) and equation (2.33) therefore reduces to
∇t = ex
∂
∂x
. (2.42)
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Now the cross products of equations (2.38a) and (2.38c) are calculated as
∇t × et =
￿￿￿￿￿￿￿
ex ey ez
∂
∂x 0 0
Ex Ey 0
￿￿￿￿￿￿￿ = ez
∂Ey
∂x
, (2.43a)
ez × Et =
￿￿￿￿￿￿￿
ex ey ez
0 0 1
Ex Ey 0
￿￿￿￿￿￿￿ = −exEy + eyEx , (2.43b)
∇t × ez =
￿￿￿￿￿￿￿
ex ey ez
∂
∂x 0 0
0 0 1
￿￿￿￿￿￿￿ = −ey
∂
∂x
, (2.43c)
and the components for cartesian coordinates are:
x: jkzEy = −jωµHx , (2.44a)
y: jkzEx +
∂Ez
∂x
= jωµHy , (2.44b)
z:
∂Ey
∂x
= −jωµHz . (2.44c)
Using equation (2.30b) the other three equations can be derived similarly:
x: jkzHy = jωεEx , (2.45a)
y: − jkzHx −
∂Hz
∂x
= jωεEy , (2.45b)
z:
∂Hy
∂x
= jωµEz . (2.45c)
It has to be noted that equations (2.44a), (2.44c) and (2.45b) involve only three
field components Ey , Hx and Hz , whereas the other three components Ex , Hy and
Ez are present in equations (2.44b), (2.45a) and (2.45c). That is, there are two in-
dependent sets of equations, corresponding to TE (set 1 with Ez = 0) and TM
(set 2 with Hz = 0) wave modes. The TE modes are selected, as Ey is assumed
to be the main electric field component.
From our set of equations for TE modes it is possible to express the other
two field components Hx and Hz with respect to Ey . Converting equation (2.44a)
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delivers
Hx = −
kz
ωµ
Ey (2.46)
and rewriting equation (2.44c) gives
Hz = −
1
jωµ
· ∂Ey
∂x
. (2.47)
It is then assumed that the dominant electric field component Ey is distributed
cosinusoidally inside the dielectric slab (refer to Figure 2.7 on page 11) and de-
caying exponentially in the air-filled region between the dielectric and the metal
plates:
Ey =
A · cos (kxx) , |x | < a￿B1 · e−γx x + B2 · eγx x , |x | > a￿ (2.48)
where kx and αx are the wave parameters. Inserting equation (2.48) into equa-
tion (2.47) then leads to
Hz =

A · kx
jωµ
· sin (kxx) , |x | < a￿
γx
jωµ
· (B1e−γx x − B2eγx x) , |x | > a￿
(2.49)
Furthermore the assumption that the field distribution does not depend on the
vertical y -coordinate and thus ky = 0, reduces equation (2.40a) to
k2 = k2x + k
2
z , (2.50)
k2x = k
2 − k2z . (2.51)
For the wave propagation in the air-filled region a￿ < x < d ￿ equation (2.40a)
similarly leads to
k20 = −γ2x + k2z , (2.52)
γ2x = k
2
z − k20 . (2.53)
Now boundary conditions at the dielectric-air interface and the metal plates can
be applied to eliminate the unknowns A, B1 and B2.
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Boundary condition: Ey (d ￿) = 0 (metal plate)
As the electric field on the surface of a conductor is perpendicular to it, the elec-
tric field component Ey tangential to the surface layer has to fullfill the boundary
condition Ey (d ￿) = 0 at the metal plate and thus equation (2.48) has to be zero for
x = d ￿ > a￿:
B1e
−γxd ￿ + B2eγxd
￿
= 0 . (2.54)
(2.55)
The relation between the unknowns B1 and B2 is then given by:
B2 = −B1e−2γxd ￿ . (2.56)
Inserting equation (2.59) into equation (2.48) leads to
Ey =
A · cos (kxx) , |x | < a￿B1 · ￿e−γx x − eγx (x−2d ￿)￿ , |x | > a￿ (2.57)
and equation (2.49) becomes
Hz =

A · kx
jωµ
· sin (kxx) , |x | < a￿
B1 · γx
jωµ
· ￿e−γx x + eγx (x−2d ￿)￿ , |x | > a￿ (2.58)
Boundary condition: Ey (a￿ − 0) = Ey (a￿ + 0) (dielectric–air interface)
As described in Section 2.1.1 the tangential electric field component at an inter-
face between two media with ε1 ￿= ε2 are equal and thus Ey |x=a￿−0 inside the
dielectric core is equal to Ey |x=a￿+0 in the air region at the interface: Using equa-
tion (2.57) gives
A · cos (kxa￿) = B1
￿
e−γxa
￿ − eγx (a￿−2d ￿)
￿
. (2.59)
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Boundary condition: Hz(a − 0) = Hz(a + 0) (dielectric–air interface)
The same boundary condition as for Ey at the dielectric-air interface also applies
for the longitudinal magnetic field component Hz and with equation (2.58):
A · kx
jωµ
· sin (kxa￿) =
B1 · γx
jωµ
·
￿
e−γx a
￿
+ eγx (a
￿−2d ￿)
￿
, (2.60)
A · kx · sin (kxa￿) = B1 · γx ·
￿
e−γxa
￿
+ eγx (a
￿−2d ￿)
￿
. (2.61)
To eliminate the leftover unknowns A and B1 equation (2.59) is divided through
equation (2.61):
eq. (2.59)
eq. (2.61)
:
A · cos (kxa￿)
A · kx · sin (kxa￿) =
B1 ·
￿
e−γxa￿ − eγx (a￿−2d ￿)￿
B1 · γx · (e−γx a￿ + eγx (a￿−2d ￿)) , (2.62)
1
tan (kxa￿)
=
kx
γx
· e
−γxa￿ − eγx (a￿−2d ￿)
e−γxa￿ + eγx (a￿−2d ￿)￿ ￿￿ ￿
C
. (2.63)
Let us denote
C = e
−γxa￿ − eγx (a￿−2d ￿)
e−γxa￿ + eγx (a￿−2d ￿)
. (2.64)
Using
tan (α) = cot (β) = cot
￿π
2
− α
￿
(2.65)
equation (2.63) can then be rewritten as:
tan
￿π
2
− kxa￿
￿
=
kx
γx
· C , (2.66)
π
2
− kxa￿ = arctan
￿
kx
γx
· C
￿
− nπ , (2.67)
kxa
￿ =
π
2
− nπ − arctan
￿
kx
γx
· C
￿
, (2.68)
with n = 0,±1,±2,±3, ... Substituting a￿ = a2 and d ￿ = d2 gives
kxa = pπ − 2 arctan
￿
kx
γx
· C
￿
, (2.69)
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with p = pe = ±1,±3,±5, ... and
C = e
−γx a2 − eγx( a2−d)
e−γx
a
2 + eγx(
a
2−d)
, (2.70)
γx =
￿
k20 (εr − 1)− k2x . (2.71)
The parameter C can written in a more convenient way using the hyperbolic tan-
gent function tanh (x) =
ex − e−x
ex + e−x
:
C = e
−γx a2 − eγx( a2−d)
e−γx
a
2 + eγx(
a
2−d)
· e
γx
d
2
eγx
d
2
=
e−
γx
2 (a−d) − e γx2 (a−d)
e−
γx
2 (a−d) + e
γx
2 (a−d)
, (2.72)
C = tanh
￿
γx
2
(d − a)
￿
. (2.73)
For now Hz was assumed to be distributed sinusoidally in the vertical dielectric
slab waveguide. However, if a cosinusoidal distribution is considered, a phase
difference of π2 is added to equation (2.49) due to that
cos (kxx) = cos (−kxx) = sin
￿
kxx +
π
2
￿
. (2.74)
and after similar calculations obtain:
kxa
￿ = −nπ − arctan
￿
kx
γx
· C
￿
, (2.75)
with n = 0,±1,±2,±3, .... Substituting a￿ = a2 the parameter p of the transcen-
tenal equations in that case is p = po = 0,±2,±4, .... Only positive propagation
parameters are considered, therefore the minus signs are omitted. Now the tran-
scendetal equations for even and odd modes are merged and the parameter p
becomes
p = pe + po = 1, 2, ... (2.76)
(p = 0 is not considered as the right part of equation (2.77) will become nega-
tive in that case). The transcendental equation representing the solution for the
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Figure 2.17: Graphical method to obtain the solutions for the transcendental equa-
tion (2.68) for kx with dimensions in mm a = 0.5, b = 1 and d = 1.4; limited by
kxl = k0
√
εr − 1 , with kxl |75GHz = 5.19 mm−1 and kxl |95GHz = 6.57 mm−1
wavenumber component kx of the NRD guide then is:
kxa = pπ − 2 arctan
￿
kx
γx
· C
￿
. (2.77)
For the special case a = d – depicting the classical NRD guide as shown in
Figure 2.9a on page 13 – the coefficient C becomes zero and therefore equa-
tion (2.77) simplifies to the well known equation
kx =
pπ
a
. (2.78)
In Figure 2.17 the graphical procedure to detect the solution of the transcen-
dental equation (2.77) is revealed exemplarily for f1 = 75 GHz and f2 = 95 GHz. It
is shown that for the chosen parameters only the mode for p = 1 is supported for
these two frequencies, and for the second mode p = 2 there is no intersection
and thus no solution.
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Figure 2.18: Cross-section of the horizontal dielectric slab waveguide for MARCATILI’s
method with thickness b
Horizontal dielectric slab waveguide
To determine ky , a dielectric slab waveguide stretched infinitely in the horizontal
dimension is considered (Figure 2.18). In that case the field components are not
dependent of the x -direction, ∂∂x = 0, and equation (2.33) then simplifies to
∇t = ey
∂
∂y
. (2.79)
Now the cross products of equations (2.38a) and (2.38c) will be:
∇t × et =
￿￿￿￿￿￿￿
ex ey ez
0 ∂∂y 0
Ex Ey 0
￿￿￿￿￿￿￿ = −ez
∂Ex
∂y
, (2.80a)
ez × Et =
￿￿￿￿￿￿￿
ex ey ez
0 0 1
Ex Ey 0
￿￿￿￿￿￿￿ = −exEy + eyEx , (2.80b)
∇t × ez =
￿￿￿￿￿￿￿
ex ey ez
0 ∂∂y 0
0 0 1
￿￿￿￿￿￿￿ = ex
∂
∂y
, (2.80c)
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with which the equations for the three cartesian coordinates are given as:
x: jkzEy +
∂Ez
∂y
= −jωµHx , (2.81a)
y: jkzEx = jωµHy , (2.81b)
z:
∂Ex
∂y
= jωµHz . (2.81c)
Using equation (2.30b) the other three equations are derived similarly:
x: jkzHy +
∂Hz
∂y
= jωεEx , (2.82a)
y: jkzHx = −jωεEy , (2.82b)
z:
∂Hx
∂y
= −jωεEz . (2.82c)
Again equations (2.81a), (2.82b) and (2.82c) involve only the three field compo-
nents Ey , Ez and Hx corresponding to the set of equations for TM wave modes
with Hz = 0 and equations (2.81b), (2.81c) and (2.82a) forms the set of equations
for TE wave modes with Ez = 0 and Ex , Hy and Hz present. As Ey is assumed
to be the main component TM modes are chosen and Ez and Hx are expressed
through Ey .
From equation (2.82b) Hx is written as
Hx = −
ωε
jkz
· Ey , (2.83)
and substituting Hx in equation (2.82c) with equation (2.83) Ez is expressed through
Ey :
Ez =
1
kz
· ∂Ey
∂y
. (2.84)
As for the vertical dielectric slab waveguide, it is again assumed that the Ey com-
ponent is distributed cosinusoidally in the dielectric |y | < b￿, whereas it decays
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exponentially outside the dielectric |y | > b￿:
Ey =
A · cos (kyy) , |y | < b￿B · e−γy y , |y | > b￿ (2.85)
where ky and αy are the wave parameters. Inserting equation (2.85) into equa-
tions (2.83) and (2.84) gives
Hx =

−ωε
jkz
· A · cos (kyy) , |y | < b￿
−ωε
jkz
· B · e−γy y , |y | > b￿
(2.86)
and
Ez =

1
kz
· A · ky · sin (kyy) , |y | < b￿
1
kz
· B · γy · e−γy y , |y | > b￿
(2.87)
Assuming no dependence of the field distribution on the vertical x -coordinate
and thus kx = 0 in the dielectric |y | < b￿, equation (2.40a) simplifies to
k2 = k2y + k
2
z , (2.88)
k2y = k
2 − k2z , (2.89)
whereas for the wave propagation in the air-filled region |y | > b￿ it leads to
k20 = −γ2y + k2z , (2.90)
γ2y = k
2
z − k20 . (2.91)
Now boundary conditions at the dielectric–air interface for the tangential field
components Ez and Hx to eleminate the unknowns A and B can be applied.
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Boundary condition: Hx(b￿ − 0) = Hx(b￿ + 0) (dielectric–air interface)
Similarly to the dielectric-air interface for the vertical dielectric slab waveguide,
again boundary conditions for the tangential magnetic field component Hx ap-
proaching from both sides of the interface are applied:
−ωεrε0
kz
· A · cos (kyb￿) = −
ωε0
kz
· B · e−γy b￿ , (2.92)
εr · A · cos (kyb￿) = B · e−γy b￿ . (2.93)
Boundary condition: Ez(b￿ − 0) = Ez(b￿ + 0) (dielectric–air interface)
The same boundary condition again is applied to the tangential electric field com-
ponent Ez at the dielectric-air interface:
− 1
kz
· A · ky · sin (kyb￿) = −
1
kz
· B · γye−γy b￿ , (2.94)
A · ky · sin (kyb￿) = γy · B · e−γy b￿ . (2.95)
To eliminate the unknowns A and B equation (2.93) is divided through equa-
tion (2.95):
eq. (2.93)
eq. (2.95)
:
εr · A · cos (kyb￿)
A · ky · sin (kyb￿) =
B · e−γy b￿
γy · εr · B · e−γy b￿ , (2.96)
1
tan (kyb￿)
=
ky
γyεr
, (2.97)
and using equation (2.64) the transcendental equation for the wavenumber com-
ponent ky is affiliated:
tan
￿
π
2
− kyb￿
￿
=
ky
γyεr
, (2.98)
π
2
− kyb￿ = arctan
￿
ky
γyεr
￿
+ nπ , (2.99)
kyb
￿ =
π
2
− nπ − arctan
￿
ky
γyεr
￿
, (2.100)
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Figure 2.19: Graphical method to obtain the solutions for the transcendental equation
(2.101) for ky with dimensions in mm a = 0.5, b = 1 and d = 1.4; limited by kyl =
k0
√
εr − 1 , with kyl |75GHz = 5.19 mm−1 and kyl |95GHz = 6.57 mm−1
with n = 0,±1,±2,±3, ... Substituting b￿ = b2 gives
kyb = qπ − 2 arctan
￿
ky
γyεr
￿
(2.101)
with q = ±1,±3,±5, .... Similiarly to the transcendental equation for the wavenum-
ber component kx , the parameter q of equation (2.101) is assembled by adding
the even and odd mode parameters:
q = qe + qo . (2.102)
Propagation constant kz
Now having obtained both kx and ky for a given frequency f0 (with the wavenum-
ber in free space k0) with p = q = 1 for the E
y
11 mode, the propagation constant
kz is then calculated by
kz =
￿
k20εr − k2x − k2y . (2.103)
In order for the wave to propagate along the structure in the z -direction, kz has
to be real, otherwise the wave will decay exponentially (called evanescent mode
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[21]). This puts limitations to the dimensions of the NRD guide which control the
wavenumber components kx and ky for a given frequency and therefore dictates
the cut-off. The cut-off wavenumber is derived from equation (2.103) for kz = 0:
k2c = k
2
c0εr = k
2
x + k
2
y . (2.104)
The propagation constant kz can be calculated quite easily with a numerical com-
puting environment likeMATLAB or GNU Octave. The m -file calculating the prop-
agation constant for the NRD guide taking the dimensions a, b and d as param-
eters is printed in Listing B.1 on page 115. Figures 2.20 and 2.21 display the
dispersion diagram kz/k0 − f and the guide wavelength λg − f for a dielectric rod
with dimensions in mm a = 0.5 and b = 1 for several values of the plate distance
d . For the chosen dielectric rod it is shown that the NRD guide operates in the
slowwave region with kz > k0 in the depicted frequency range from 75 to 110 GHz
unless the metal plates are placed fairly close to the dielectric rod (compare the
red line for d = 0.75 mm in Figure 2.20 with a = 0.5 mm) and the NRD guide
enters the fast wave region for lower frequencies, near to the cut-off. In that
case leakage away from the dielectric rod occurs as described in [15]. Placing the
metal plates farther apart reduces the impact of the plates on the electric field
and the NRD guide approaches the characteristics of the DRW, where d ￿ a.
The dispersion characteristics for b = 0.6 mm and b = 0.7 mm are illustrated in
Figures A.5 and A.6 on pages 96 and 97. It can be seen that the cut-off frequency
is decreasing with increasing dielectric rod width b (a = d = const.).
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Figure 2.20: Dispersion diagram kz/k0 − f for the NRD guide using the developed MAR-
CATILI method with dimensions in mm a = 0.5 and b = 1 for different values for the
distance between the metal plates d and for the open dielectric rod waveguide (DRW)
with d ￿ a
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Figure 2.21: Guide wavelength of the NRD guide using the developed MARCATILI
method with dimensions in mm a = 0.5 and b = 1 for different values for the distance
between the metal plates d and for the open dielectric rod waveguide (DRW) with d ￿ a
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Figure 2.22: Calculated dispersion diagram kz/k0 − f of the classical NRD guide with
a = d
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Figure 2.23: Calculated guide wavelength λg of the classical NRD guide with a = d
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Figure 2.24: Comparison of the calculated and the simulated results for the propagation
constant of the NRD guide with dimensions in mm a = 0.5, b = 1 and varying plate
distance d
Comparison of the numerical simulation results and MARCATILI’s
approximation method
In Figure 2.24 the simulated and calculated results of the normalized propaga-
tion constant kz/k0 are compared for the NRD guide with a narrow dielectric rod
a = 0.5 mm < d . The MARCATILI results are lower than the simulated ones, which
are considered to be numerically correct. This is because the field distributed in
the shaded corner regions was not taken into account. For frequencies far higher
than the cut-off this is not as prominent as for frequencies close to the cut-off
[23]. There are approaches for dielectric waveguides to improve the accuracy of
MARCATILI’s method, such as several perturbation methods [23]. Kumar et al. for
instance proposed an advancement to MARCATILI’s method by also taking the
fields in the shaded areas into account [24]. For our results the calculated values
are higher than the simulated ones for higher frequencies. This can be due to
convergence problems within the HFSS simulations.
For the classical NRD guide with a = d where no neglected shaded areas as
for the DRW and the NRD guide with a narrow dielectric rod exists, the com-
pared values presented in Figures 2.25 and 2.26 are below the simulated results,
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as anticipated. This effect is also more prominent for frequencies close to the
cut-off, whereas it’s diminishing but not disappearing for higher frequencies. The
reason for that is that it is assumed that Ey is the main field component in the
LSM mode of the NRD guide and the Ex component was not taken into account.
Even so MARCATILI’s method is a suitable method to approximate the propaga-
tion constant, especially for higher frequencies far from the cut-off and if possible
inaccuracies of the simulation results are considered. The comparison of the cal-
culated and simulated attenuation constant α shown in Figure 2.27 reveals that
the developed extended MARCATILI method is not suitable to approximate the
attenuation constant.
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Figure 2.25: Comparison of the calculated and the simulated dispersion characteristic
kz/k0 − f
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Figure 2.26: Comparison of the calculated and the simulated dispersion characteristic
λg − f
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Figure 2.27: Comparison of the calculated and the simulated attenuation constant α for
the classic NRD guide with a = d and b = 0.5 mm
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2.4 Standard metal waveguide to NRD guide transi-
tion
In order to connect a non-radiating dielectric waveguide to a standard metal wave-
guide, a suitable transition is needed. This transition has to show low reflection
and good transmission characteristics and should be easy to manufacture. In [9] a
standard metal waveguide to dielectric rod waveguide transition was developed.
Based on that transition, a standard metal waveguide to NRD guide transition is
presented in this Section.
As described in detail in Section 2.1.4, the desired mode of propagation for the
NRD guide is the low-loss LSM mode with the magnetic field lines perpendicular
to the parallel metal plates shown in Figure 2.8c on page 12. This mode can
be excited by the TE10 mode of a rectangular waveguide. There are different
approaches towards transitions from rectangular waveguide to the NRD guide,
such as the rectangular waveguide to image NRD guide presented by Hattori et
al. (2001) [25]. Malherbe et al. (2005) developed a transition from a rectangular
to nonradiating dielectric waveguide [26]. In this Section an easy transition for
the W band is studied.
2.4.1 Design
Four different kinds of transitions were studied (illustrated in Figure 2.28):
(I) the pyramidal transition from the standard metal waveguide sidewalls to
the NRD guide sidewalls,
(II) the opening of the sidewalls of the standard metal waveguide towards the
NRD guide parallel plates,
(III) the direct connection of the two waveguides with shield plates closing the
parts of the aperture of the standard metal waveguide outside of the NRD
guide,
(IV) the direct connection as in (III) with additional shield plates at the NRD guide
aperture not attached to the standard metal waveguide.
The dimensions of the NRD guide, the rectangular waveguide (WR-10 stan-
dard for 75 to 110 GHz) and the dielectric rod taper section are given in Fig-
ure 2.28. The dimensions of the dielectric rod and its taper sections are taken
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(I)
(II)
(III) (IV)
Figure 2.28: Metal waveguide to NRD guide transition types: (I) pyramidal transition, (II)
side wall opening, (III) direct connection and (IV) direct connection with additional shield
plates
from [9].
Whereas the NRD guide is attached directly to the rectangular waveguide for
types (III) and (IV), a transition section with variable length is placed between the
two waveguides for types (I) and (II) and the effect of the length on the reflection
and transmission characteristics was studied. The NRD guide was modeled as
described in Section 2.2 with a length of l = 20 mm. The leakage out of the
NRD guide is affected by the height of the sidewalls, therefor its impact on the
transmission characteristics was studied.
2.4.2 Simulation results
The cross-section of the NRD guide in the HFSS simulation models for the tran-
sition is shown in Figure 2.12a on page 15. To minimize simulation time and
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Figure 2.29: (a) RWG cross-section, (b) NRD guide cross-section and (c) dielectric rod
taper side view, with dimensions in mm: a = 0.5, b = 1, d = 1.4, h = 10, t = 0.1,
e = 2.56, u = 1.27 and m = 6 (taper dimensions have been taken over from [9])
computing ressources the symmetry of the structure is utilised by introducing
electric and magnetic symmetry planes as described in Section 2.2.
The reflection and transmission characteristics of types (I) and (II) are shown
in Figures A.7 to A.10 on pages 99 to 102. Although both transitions show com-
parable low reflection and good transmission behaviour for some of the studied
configurations, their comparable complex build-up do not predestine them for in-
tegrated solutions.
The desired type of transition is type (III) which is easy to manufacture. The
s -parameters obtained for transition (III) are illustrated in Figures 2.30 and 2.31.
As for the other types of transition, the reflection coefficient sdB11|(III) stays well be-
low −20 dB. For the reflection coefficient sdB21|(III) it is seen from Figure 2.31 that for
h = 3 mm leakage out of the NRD guide occurs for lower frequencies, whereas
for frequencies higher than f ≈ 100 GHz s21 decreases again. The reason for
that is the distance of the metal plates d defined in Section 2.2, which is set to
d = 1.4 mm with an upper frequency of fu ≈ 100 GHz. This effect is not that
prominent for bigger values of h. The spikes appearing in the transmission dia-
gram for frequencies higher than fu are possibly due to resonances in the NRD
guide. However, this has not been investigated explicitly in this thesis. Transition
type (III) with additional shield plates at the NRD guide sidewalls as seen in Fig-
ure 2.28IV does not show better reflection and transmission characteristics than
transition type (III), and therefore it is not studied any further.
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Figure 2.30: Reflection coefficient sdB11 of transition type (III) with dimensions in mm
a = 0.5, b = 1 and d = 1.4
The transition of choice is transition type (III), where the two waveguides are
attached to each other directly with a tapered dielectric rod (Figure 2.32 shows
a schematic model of the NRD guide with two transitions). Looking at the re-
flection coefficient sdB11|(III) for the classical NRD guide with a = d = 1.4 mm in
Figure 2.33 spikes of high reflection at f1 ≈ 95 GHz and f2 ≈ 104 GHz can be
seen, caused at the transition and decreasing the transmission characeristic for
that frequencies.
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Figure 2.31: Transmission coefficient sdB21 of transition type (III) with dimensions in mm
a = 0.5, b = 1 and d = 1.4
l
h
Figure 2.32: HFSS simulation model of the chosen NRD guide with transitions of type
(III) with l = 20 mm
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Figure 2.33: Reflection coefficient sdB11 of transition type (III) for a = d and b = 0.75 mm
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Figure 2.34: Transmission coefficient sdB21 of transition type (III) for a = d and b = 0.75 mm
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Figure 2.35: Metal waveguide to NRD guide transition measurement setup with l =
32 mm
2.4.3 Measurement results
The measurement setup is illustrated schematically in Figure 2.35. For the experi-
mental verification of the simulation results of the transition, two aluminium side-
walls with appropriate connectors for the standard metal waveguide segments
were fabricated. The dielectric rod was placed symmetrically between the side-
walls, adjusted and hold by styrofoam spacers and the sidewalls were screwed
to metal waveguide flanges. The cross-section and the top-view schematics of
the experimental NRD guide are shown in Figures 2.36 and 2.37 on page 50. This
setup formed the device under test (DUT) attached to the test port connectors of
the HP8530A vector network analyzer (VNA). Figure 2.38 shows a picture of the
DUT in the test measurement setup.
The NVA delivers the reflection and the transmission coefficient as a complex
number sx1 = Re(sx1) + j · Im(sx1) which can be transformed into the polar form
sx1 = mag(sx1) · e jϕ to get the magnitude and the phase of the complex reflection
or transmission coefficient in the post-processing. Often the reflection coefficient
is expressed in dB and refered to as return loss [27]
sdB11 = Lreturn = −20 · log |s11| dB , (2.105)
and for the transmission coefficient s21 the gain:
sdB21 = G = 20 · log |s21| dB . (2.106)
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Figure 2.36: Cross-section of the transition measurement setup with dimensions in mm
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Figure 2.37: Top view of the transition measurement setup with dimensions in mm
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Figure 2.38: Picture of the measurement setup showing the experimental NRD guide
attached to two metal waveguide sections connected to the VNA
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Figure 2.39: Measured reflection coefficient sdB11 of the experimental transition
As the setup consisted of a very experimental NRD guide with a narrow di-
electric rod, it can be seen from the cross-section and the top view that the
correct symmetric placement of the NRD guide sidewalls to the RWG flanges
and the dielectric rod between the sidewalls and the metal waveguide by hand
was challenging. Also the correct position of the dielectric rod could not be ul-
timately verified. Furthermore the used RWG flanges placed between the NRD
guide and the VNA port connectors introduced further sources of error.
The measured reflection coefficient s11 in dB is shown in Figure 2.39. The be-
forementioned difficulties with the experimental setup caused higher reflections
in certain frequency areas compared to the simulation results. The simulated
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Figure 2.40: Measured transmission coefficient sdB11 of the experimental transition
reflection coefficient stayed well below −20 dB for the whole frequency range
from 75 to 110 GHz, whereas the measured results only shows good reflection
characteristics with s11 < −15 dB for the frequency range between 80 and 95 GHz
(with spikes occuring around 90 GHz). Analyzing the transmission coefficient s21 in
Figure 2.40 shows the poor transmission characteristics of the assembled NRD
guide for frequencies below ∼ 80 GHz. However, above that frequency the in-
vestigated NRD guide with the transitions demonstrates comparable good trans-
mission characteristics having the experimental nature of the studied NRD guide
in mind, besides the spikes caused by unwanted reflections. The design of the
NRD guide was set to have a distance of the metal plates d = 1.4 mm < λ0|100 GHz
and thus its non-radiating attitude was limited to 100 GHz, which explains the
decrease of the transmission properties for frequencies above 100 GHz (refer to
the simulation model of the NRD guide in Section 2.2). For a better evaluation
a different setup would be needed, where the placement of the dielect rod at
the transition can be fine-tuned. With a more precisely manufactured waveguide
(especially for the classical NRD guide with a = d ) the metal waveguide to NRD
guide transition is supposed to demonstrate a significantly improved reflection
and transmission characteristic compared to the experimental one presented in
this Section.
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WAVEGUIDE ANTENNAS
The non-radiating properties of the NRD guide offers interesting applications of
this waveguide for antenna purposes. In this chapter two different NRD guide
antennas are presented. Based on the NRD guide developed in Chapter 2 and on
the concept of a DRW antenna proposed in [9], an NRD guide end-fire antenna
was designed, simulated and verified experimentally. Introducing discontinuities
along the guiding structure of the NRD guide and modifying the metal plates, it is
possible to alter the propagation properties to make the antenna structure leaky.
The metal plates can either be foreshortened, enabling radiation out of the wave-
guide permanently, or the properties of the metal plates are changed by applying
a special texture on its surface and thus making them high impedance surfaces
which allows to controll the radiation. A concept of periodic leaky-wave antennas
using NRD guides with HIS is presented in this Chapter.
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Figure 3.1: Spherical coordinate system used for antenna parameter computations
3.1 Basic principles
3.1.1 Antenna parameters
For antenna characteristics a spherical coordinate system as illustrated in Fig-
ure 3.1 is used. Per definition the principal direction of propagation of the simu-
lated antenna structures is set to be the y -direction.
Principal radiation patterns
Very often the performance characteristics of linearly polarized antennas are de-
scribed in terms of their E - and H -plane far-field radiation patterns, refering to
the plane containing the E or H field in the direction of maximum gain [28] as
shown in Figure 3.2 for a vertical polarized antenna: the electric field lies in the
elavation plane with φ = π2 and the magnetic field in the azimuthal plane with
θ = π2 .
y
z
x
E
E -plane
H -plane
antenna
Figure 3.2: Definition of the E - and H -plane of a vertical polarized antenna
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Figure 3.3: Near-field and far-field region surrounding an antenna with diameter D [30]
Field Regions
Usually the space an antenna is enlosed to is classified into two regions: the near-
field (NF) and the far-field (FF) region – also refered to as FRAUNHOFER region –
shown in Figure 3.3, whereat the near-field region is subdivided into the reactive
and the radiating near-field (FRESNEL) region [28]. The boundary between the NF
and the FF range is defined by the FRAUNHOFER distance [29]
R =
2A2
λ
(3.1)
where A is the antenna diameter and λ the free space wavelength of the radi-
ated electromagnetic wave [28]. The far-field describes that region compared to
an antenna where the angular field distribution is independent from the distance
to the antenna [28].
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Directivity, gain and radiation efficiency
Directivity
D (φ, θ) =
P (φ, θ)
Pisotropy
(3.2)
D0 = D (φ, θ) |max (3.3)
antenna radiation efficiency
e = ecd = eced (3.4)
with ec being the conductive and ed the dielectric efficiency. Because ec and ed
are very difficult to compute, they are usually determined experimentally [28].
From the definition of the radiated power
Prad = ePin (3.5)
it is possible to describe the antenna radiation efficiency with
e = ecd =
Prad
Pin
. (3.6)
Compared to the directivity, the gain of an antenna also takes losses into
account which occur in the antenna structure, namely conductive and dielectric
losses, but not losses due to mismatching and is related to the directivity by the
antenna radiation efficiency:
G (φ, θ) = eD (φ, θ) (3.7)
and in a similar way the maximum gain is interrelated with the maximum direc-
tivity:
G0 = G (φ, θ) |max = ecdD (φ, θ) |max (3.8)
G0 = eD0 . (3.9)
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3.1.2 Leaky-wave antennas
Uniform leaky-wave antennas
The physical structure of a uniform leaky-wave antenna consists of a waveguide
of a certain length L at which the leakage occurs through a proper leakage mech-
anism. The oldest concept of a leaky-wave antenna is a rectangular waveguide
with a continuous slit along its sidewall [31]. In order to be suitable as a uniform
leaky-wave antenna, the dominant mode has to operate in the fast-wave region
(vph > c ) and therefor its phase constant β has to fullfill the condition
β
k0
< 1 (3.10)
where k0 is the wavenumber in free space. After deriving the phase constant β
and the attenuation constant α of the guiding structure, the beam angle θm and
the beam width ∆θ can then be calculated by the simple equations
sin (θm) ≈
β
k0
(3.11)
∆θ ≈ 1
(L/λ0) cos (θm)
(3.12)
where θ is measured perpenticular to the direction of propagation inside the guid-
ing structure (Figure 2.2 on page 6 illustrates the used coordinate system with
the wave traveling along the z -axis in the waveguide).
The conventional NRD guide can be modified to make it leaky. One way is
to foreshorten the parallel plates at the top, which prevend the waveguide to
radiate. However, this only works if the phase constant of the dominant prop-
agation mode operates in the fast-wave region and fullfills equation (3.10). The
concept is illustrated in Figure 3.4. The parameter d indicating the distance the
parallel plates are continued above the dielectric then controls the leakage of the
antenna. An overview of uniform NRD guide leaky-wave antennas is given in [32].
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εr
b
s
h
2
a t
Figure 3.4: Foreshortened-top leaky-wave NRD guide antenna developed by Sanchez
and Oliner [33]. The leakage of the antenna is controlled by the stub length s.
εr
dd
θm
λg
Figure 3.5: Principle of operation of a periodic leaky-wave antenna with disconinuities
separated by periodic distance d . The beam angle θm is counted from the perpendicular
direction of the guiding structure.
Periodic leaky-wave antennas
In the case that the dominant mode of propagation operates in the slow-wave
region its phase constant β0 is greater than the wavenumber in free space k0:
β0
k0
> 1 . (3.13)
Therefore the dominant mode is purely bound to the guiding structure. Adding
discontinuities introduces an infinity number of spatial harmonics [34] that can
modulate the phase constant in a way that it fullfills equation (3.10). The resulting
phase constant βn is related to the phase constant β0 of the dominant mode with
βnd = β0d + 2nπ, −∞ ￿ n ￿∞ (3.14)
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where d is the periodic distance between two subsequent discontinuities (com-
pare Figure 3.5) and n is the order of a given space harmonic. Thereby n = 0
stands for the basic wave. Equation (3.14) can be rewritten in the following form
βn
k0
=
β0
k0
+
2πn
k0d
=
β0
k0
+
nλ0
d
, (3.15)
βn
k0
=
λ0
λg
+
nλ0
d
. (3.16)
Introducing discontinuities along the guiding structure means introducing small
radiation sources, which together form an antenna array. Explained otherwise, in
a periodic structure formed by discontinuities, Floquet spatial harmonics appear,
and some of them can be in the fast-wave region.
As the waveguide mode is operating in the slow wave region fulfilling equa-
tion (3.13), it can easily been seen from equation (3.16) that βnk0 can be less than
unity if n < 0 is considered. Therefore only negative spatial harmonics were ob-
served. Substituting βk0 in equation (3.10) with
βn
k0
from equation (3.15) leads to￿￿￿￿￿βnk0
￿￿￿￿￿ =
￿￿￿￿￿β0k0 + nλ0d
￿￿￿￿￿ < 1 . (3.17)
Compared to uniform leaky-wave antennas it is possible to have backward radia-
tion at periodic leaky-wave antennas if
−1 < β0
k0
+
nλ0
d
< 0 . (3.18)
In order to cause leakage radiation for a given free space wavelength λ0, period
d is limited to the range (derived from equation (3.17)):
− nλ0
β0/k0 + 1
< d <
− nλ0
β0/k0 − 1 (3.19)
n = −1: λ0
β0/k0 + 1
< d <
λ0
β0/k0 − 1 . (3.20)
The distance d of two subsequent discontinuities is also limited by the fact that it
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Figure 3.6: Cross-section of a Sievenpiper high impedance surface structure [37]
is not desirable to have more than one lobe, which means the phase constant β−2
of the second spatial harmonic should in the ideal case not fullfill equation (3.10)
and therefore:
β−2
k0
< −1 (3.21)
β0
k0
− 2λ0
d
< −1 (3.22)
d <
2λ0
β0/k0 + 1
. (3.23)
The spatial harmonics are caused by reflection of the incident wave at the dis-
continuities. The phase difference between two consecutive strips is [35]
∆φ = βnd = β0d =
￿
β−1 +
2π
d
￿
d = β−1d + 2π . (3.24)
The phase difference is ∆φ = 2π for broadband radiation (θm = 0) with β−1 = 0,
which means that the reflected waves are in phase. This causes strong reflec-
tion for the given broadband radiation frequency and a strong attenuation of the
propagating wave in that stop band. This behaviour can be reduced by using
double-strips instead of single-strips for strip discontinuities [35].
3.1.3 High impedance surfaces
A perfect magnetic conductor (PMC) reflects the electromagnetic wave without
changing the phase of the electric field (reflection coefficient R = 1), compared
to a phase change of 180◦ at the reflection at perfect electric conductors (cor-
responding to a reflection coefficient of R = −1) [36]. In real life no perfect
magnetic conductor exits. However, some artificial surfaces can achieve nearly
the same behaviour for a specific frequency.
It is possible to alter the radiofrequency surface properties of a conductor
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Figure 3.7: Top view of a Sievenpiper high impedance surface structure [37]
by adding a special texture onto it. If the period of the surface texture defining
the unit cell is much smaller than the wavelength of the desired frequency, the
structure can be described by its surface impedance [38]. Sievenpiper presented
in [37] an easy to manufacture mushroom-like structure with its cross-section il-
lustrated in Figure 3.6 and its top-view in Figure 3.7. For the design frequency
HIS behave like a PMC. In electromagnetic simulation tools HIS can be modeled
as perfect magnetic conductors and thus there is no necessity to simulate the
whole surface structure.
The original Sievenpiper HIS is set as a frequency selective surface (FSS) for
a special frequency by design. The size of the unit cell defines the frequency for
which it acts as a high impedance surface. Chicherin et al. (2008) introduced a
voltage controlled high impedance surface for the W frequency band [39]. The
proposed HIS consists of an array of electrically small MEMS capacitors placed
atop of a ground plane and coupled to each other. The resonant frequency of the
FSS is
fres =
1
2π
√
Leﬀ Ceﬀ
. (3.25)
Applying a control voltage to the MEMS capacitors changes their capacitance
and therefore the resonant frequency for which the texture acts as a HIS and
the phase shift it creates. In [39] different applications for this tuneable HIS are
discussed. Furthermore, with this approach the HIS can be seen as switchable.
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3.2 NRD guide end-fire antenna
If a DRWwith both ends attached to a metal waveguide is considered, an end-fire
antenna can be easily implemented by letting one end open instead of matching
it with a transition. The DRW with the taper section left open then works as an
end-fire antenna. HFSS simulation results for this antenna are presented in sim-
ulation results in Appendix E. Based on that antenna introduced in [9], an NRD
guide end-fire antenna with the NRD guide designed in Section 2.2 was devel-
oped (the schematic of this antenna is shown in Figure 3.8).
3.2.1 Design
The design of the antenna is identical to the NRD guide studied in Chapter 2.
One end is attached to a metal waveguide, whereas the other is left open and
the taper section acts as the radiating end. The antenna structure is sketched in
Figure 3.8. The antenna consists of a silicon dielectric rod with two taper section
at each end with the dimensions given in Figure 2.29 and with length l , which is
placed symmetrically between two metal plates. For the simulation model l was
set to 20 mm, whereas for the measurement setup the same dielectric rod as in
Section 2.4.3 with l = 32 mm was used.
s
l
h
Figure 3.8: NRD guide end-fire antenna model with prepended metal waveguide to NRD
guide transition
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E symmetry
plane
H symmetry plane
h￿
b￿
a￿ t
d ￿
air box
Figure 3.9: Cross-sectional view of the NRD guide HFSS simulation model for the end-
fire antenna with E and H symmetry planes with dimensions in mm a = 2a￿ = 0.5,
b = 2b￿ = 1, d = 2d ￿ = 1.4, t = 0.1 and h = 2h￿
3.2.2 Simulation results
Similarly to the simulated NRD guide model in Section 2.2, it is possible to reduce
the simulation time of the simulation model by taking advantage of the electric
and magnetic symmetry of the NRD guide. The cross-section of the HFSS simu-
lation model with dimensions is shown in Figure 3.9. As the height of the metal
plates has an influence on the radiation patterns, the variation of the height from
3 to 9 mm with a step size of 2 mm was investigated. As in this research only a
conceptual model of the NRD guide end-fire antenna is presented, the radiation
efficiency of the antenna was not studied and the dielectric rod was considered
to be loss-less. The radiation characteristics of the NRD guide end-fire antenna
were studied for f1 = 75 GHz, f2 = 85 GHz and f3 = 95 GHz and the results for
the E - and H -plane are presented in Figure 3.11. For illustration purposes the
gain range was set from −10 to 10 dB. Figure 3.12 displays the tridimensional
radiation patterns of the NRD guide end-fire antenna with s = 0 (Figures 3.12a
to 3.12c) and s = 3 mm (Figures 3.12d to 3.12f) with the same gain range.
The maximum gain G0 listed in Table 3.1 varies with the height of the metal
plates and with frequency. For h3 = 7 mm the effect of extending the metal
plates half way over the radiating taper end, s = 3 mm, was studied. Interest-
ingly thereby the maximum gain for higher frequencies f2 and f3 was increased,
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Table 3.1: Maximum gain GdB0 of the NRD guide and the DRW end-fire antenna
f /GHz
G0 /dB
h|s /mm 3|0 5|0 7|0 7|3 9|0 DRWA
75 7.92 8.32 8.70 6.79 9.42 8.65
85 8.95 9.13 8.68 9.38 8.66 8.12
95 7.64 7.39 8.11 9.68 8.31 8.54
whereas decreased for f1 compared to s = 0.
Looking at the plot of the maximum gain G0 in respect to frequency in Fig-
ure 3.10 the effect of the height of the metal plates can be seen. For h = 9 mm
the antenna offers stable maximum gain G0 ≈ 9.5 dB for all three studied fre-
quencies. For h < 9 mm and s = 0 the peak of the maximum gain appears for
f2 = 85 GHz.
6.5
7
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8
8.5
9
9.5
10
75 80 85 90 95
G
0
/d
B
f /GHz
h|s /mm
3|0
5|0
7|0
9|0
7|3
Figure 3.10: Maximum gain GdB0 (refer to Table 3.1)
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Figure 3.11: Radiation patterns of the NRD guide end-fire antenna
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Figure 3.12: HFSS 3D polar radiation plot of gain GdB for the NRD guide end-fire antenna (a) – (c) without (s = 0) and (d) – (f) with extended
metal plates (s = 1.5 mm), h = 7 mm
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Comparison to DRW end-fire antenna
The non-radiating behaviour of the NRD guide and the shielding effect of the
metal plates improves the radiation characteristics compared to that of the DRW
end-fire antenna presented in [9]. Figure 3.13 shows the comparison between
the NRD guide end-fire antenna with metal plate height h = 3 mm and h =
7 mm and the DRW end-fire antenna discussed in Appendix E for f1 = 75 GHz.
The comparison of the radiation patterns for f2 = 85 GHz and f3 = 95 GHz are
illustrated in Figures A.18 and Figure A.19 on page 109 and 110 respectively.
As can be seen from the figures, the radiation patterns are smoothed by the
introduction of the parallel metal plates canceling out the ripples of the DRW
antenna in the range from −90◦ to 90◦. Therefore, the proposed NRD guide end-
fire antenna improves the radiation characteristics compared to the DRW end-fire
antenna.
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Figure 3.13: Comparison of the radiation patterns of the NRD guide and the DRW end-
fire antenna for different values of the plate height h in mm for f1 = 75 GHz
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x
y
probe
absorber
MVNA
Figure 3.14: Front view of the NSI planar scanner
3.2.3 Measurement results
To measure the far-field radiation patterns of the NRD guide end-fire antenna a
planar scanner from Nearfield Systems Inc.1 (NSI) was used. The front view of
the scanner is shown schematically in Figure 3.14. The probe consisting of an
open rectangular waveguide is placed on the scanning unit and can be moved
in the horizontal x - and vertical y -direction to scan the radiation patterns in two
dimensions. The equipment of the planar scanner is shielded with absorbers
to prevent undesired reflections. The measurement setup is sketched in Fig-
ures 3.15 and 3.16 on page 70 and was set up in a temperature and humidity
controlled anechoic chamber. Both the antenna under test (AUT) and the probe
were connected to a millimeter vector network analyzer (MVNA) from AB Mil-
limetre2. The MVNA-8-350 system3 is capable of covering a frequency range
from 8 to 350 GHz. The measurement procedure and the record of the radiation
patterns were controlled by a computer with the NSI20004 antenna measure-
ment software. With that software it is possible to program the scanner to scan
a predefined area with a possible step size of ∆s = 1 mm. The AUT was placed
at a distance of dm = 15 cm away from the probe. Due to setup limitations the
maximum scanning angles in the vertical and horizontal plane were limited from
the movement of the scanning unit.
1http://www.nearfield.com/
2http://www.abmillimetre.com/
3http://www.abmillimetre.com/Products.htm
4http://www.nearfield.com/sales/software.htm
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MVNAMVNA
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AUT probe
absorber
dm
Figure 3.15: Side view of the end-fire antenna measurement setup with θ0 = θmax
indicating the maximum vertical scanning angle in the E -plane due to setup limitations
MVNAMVNA
x
ϕ0
AUT
probe
absorber
dm
Figure 3.16: Top view of the end-fire antenna measurement setup with ϕ0 = ϕmax
indicating the maximum horizontal scanning angle in theH -plane due to setup limitations
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Figure 3.17: Scanning area with dimensions in m
The limitations for the horizontal and vertical movement of the scanning unit
were xmax = 1.00 m and ymax = 0.62 m. Therefore the maximum scanning angles
are
θ0 = θmax = 2 · arctan
￿
0.50 m
0.15 m
￿
= 2 · 73.3◦ = 146.6◦ . (3.26)
and
ϕ0 = ϕmax = 2 · arctan
￿
0.31 m
0.15 m
￿
= 2 · 64.2◦ = 128.4◦ . (3.27)
The end-fire antenna assembled and presented in this section was the same
experimental NRD guide with a silicon dielectric rod with tapered ends stud-
ied in Section 2.4.3, besides that only one end was attached to a metal wave-
guide forming the transition with the other end left open acting as the radiating
end of the antenna. The radiation patterns for four different frequencies were
recorded: f1 = 75 GHz, f2 = 85 GHz, f3 = 95 GHz and f4 = 105 GHz. The scan-
ning area is shown in Figure 3.17. The correct placement of the dielectric rod
inside the waveguide could not be verified due to the experimental assembly
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of the NRD guide.Therefore the center position was estimated and the scan-
ning unit was programmed to scan the area ±15mm from the center position
(∆x = ∆y = 30 mm) with a step size of ∆s = 3 mm for both the E - and the
H -plane measurement. For f3 = 85 GHz a complete scan of the whole scanning
area xmax × ymax = 1.00 m × 0.62 m with the step size ∆s = ∆sx = ∆sy = 3 mm
was produced. The NSI2000 software delivers the data in cartesian coordinates
which where later transformed into polar data in the post-processing. To get the
correct radiation patterns of the NRD guide end-fire antenna, the characteristics
of the open-ended rectangular waveguide acting as the probe also needed to be
taken into account. Therefore the radiation patterns of a similar probe than the
one used on the scanning unit were recorded.
To correct the uncompensated far-field patterns the gain transfer method was
used. Thereby the unknown gain of the AUT is compared to a reference probe
[40]. Two open-ended rectangular waveguides are considered to have the same
radiation characteristic and therefore the radiation pattern of the probe was de-
rived by measuring the radiation pattern of one using the second as the probe.
The measured gain is the multiplied gain of both the receiving and the transceiv-
ing antenna, corresponding to the sum of the gains in dB [41]:
G dBm = G
dB
r + G
dB
t , (3.28)
with Gm being the measured gain, Gr the gain of the receiving antenna and Gt the
gain of the transmitting antenna in dB. If both probes are considered to have the
same radiation pattern with Gprobe = Gr = Gt , the probe gain can be calculated by
Gprobe = 0.5 · Gm|probe . (3.29)
Now having obtained the gain of the probe, the AUT was calculated similarly:
GAUT = Gm|AUT − 0.5 · Gm|probe . (3.30)
Due to inaccuracies introduced by the measurement setup and the probes
itself, the reference radiation pattern of the probe had to be post-processed in
order to get feasible results. Therefore the mean value of n = ±5 consecutive
values were taken to smoothen the radiation pattern. The effect can exemplarily
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be seen in Figure A.21 on page 112.
The comparison of the simulated and measured radiation patterns for f1 =
75 GHz and f3 = 75 GHz are illustrated in Figures 3.18 and 3.19 (the radiation pat-
terns for f4 = 105 GHz are shown in Figure A.20 on page 111). Before plotting the
comparison figures, the raw measured data was processed in order to smooth
the radiation pattern. Thereby the mean value of n = ±5 consecutive values was
taken. The effect of smoothing can be seen in Figure A.21 on page 112 for the
probe radation pattern.
Evaluating the H -plane radiation pattern in Figure 3.18, corresponding to the
horizontal movement of the scanning unit in the x -direction, reveals the asym-
metric placement of the dielectric rod in the NRD guide. In spite of this bad
excitation the measured antenna radiation patterns did not show ripples even
with the discussed measurement inaccuracies. The comparison of the E -plane
radiation pattern in Figure 3.19 also shows the asymmetric position of the di-
electric rod and the NRD guide as a whole. However the measured data for
the E -plane shown in the figure is more deformed than for the H -plane. This
could be caused by the assembly of the experimental NRD guide and inaccura-
cies of the measurement setup. The contour plot of the whole scanning area for
f2 = 85 GHz is plotted in Figure 3.20. From this plot the asymmetryic placement
with bad excitation can be seen as well, compared to the tridimensional plot in
Figure 3.12b.
Other causes of error than the ones discussed in Section 2.4.3 for the exper-
imental NRD guide are possible reflections due to non-optimal arrangement of
the absorbers around the AUT and the measurement probe and the error intro-
duced by the gain transfer method (the two reference probes were not exactly
the same).
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Figure 3.18: Comparison of the simulated and measured far-field H -plane radiation pat-
terns of the AUT
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Figure 3.19: Comparison of the simulated and measured far-field E -plane radiation pat-
terns of the AUT
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Figure 3.20: 2D contour plot of the measured radiation pattern for f2 = 85 GHz
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3.3 NRD guide leaky-wave antennas
There have been different approaches on uniform leaky-wave antennas based on
NRD guides. However, this thesis is focused on NRD guides working in the slow-
wave region and therefore only periodic leaky-wave antennas were studied.
One method is to introduce periodic strips on the dielectric rod [42]. As de-
scribed in Section 3.1.2, these discontinuities change the propagation characteris-
tic to make the NRD guide leaky. Due to the non-radiating property of the area be-
tween the metal plates above the dielectric rod, the height of these metal plates
need to be reduced in order to let the leaked wave propagate. Another method
is to alter the properties of the sidewalls by adding a special texture onto it to
turn it into a high impedance surface (see Section 3.1.3). Thus electromagnetic
waves are able to propagate away from the dielectric rod. In this Section a con-
cept for NRD guide period leaky-wave antennas using high impedance surfaces
is presented. HIS developed in [39] can be modulated by an external voltage and
therefor the antenna can be switched on and off for different frequencies.
3.3.1 Design
To make the NRD guide end-fire antenna discussed in the previous Section leaky,
discontinuities were placed along the waveguide. For this concept of a leaky-
wave antenna two kinds of discontinuities shown in Figure 3.21 were chosen: (a)
PEC strips and (a) PEC stubs placed periodically on top of the dielectric rod. The
discontinuities were modeled as flat PEC planes placed on top of the dielectric
rod. In order to radiate out of the waveguide along the structure, the parallel
metal plates needed to be modified to let the electromagnetic wave propagate
in that region. The HIS structure is modeled in the HFSS simulation as PMC. The
design of the original concept is shown in Figure 3.22. The schematic simulation
model of the conceptual leaky-wave antenna is illustrated in Figure 3.23. Thereby
PEC elements are positioned periodically above the dielectric rod. However, in
this concept the PEC elements are hanging in the air above the dielectric, which
is difficult to manufacture. It would be easier to realize this concept by putting
the PEC elements directly on top of the dielectric rod, with the offset parameter
o equal to zero.
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Figure 3.21: Top view of the NRD guide with discontinuities separated by period p on
top of the dielectric: (a) printed strips with dw = a and (b) printed stubs with dw < a
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Figure 3.22: Concept of NRD guide leaky-wave antenna: (a) side view and (b) cross-
section with dimensions in mm a = 1.4, b = 0.5, s = 1.6, t = 0.25, p = 2, r = 0.01 and
o = 0.3
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Figure 3.23: Concept of periodic leaky-wave NRD guide antennas with PEC discontinu-
ities loaded on the dielectric rod separated by distance p
To study the concept for a leaky-wave antenna based on the studied NRD
guide with HIS surfaces on the inside of the metal plates, the period p = 2 mm
was chosen as the length of the unit cell of the leaky-wave antenna. The height of
the parallel plates was set to be h = 10 mm, whereby PMC boundary conditions
were applied to the plates above the dielectric rod on the side were the discon-
tinuities were placed. The length of the NRD guide appointed to be l = 20 mm,
corresponding to n = l/p − 1 = 9 placed discontinuities. The dispersion char-
acteristic |β−1/k0| − f is shown in Figure 3.24. The center frequency at which
broadside radiation occurs (β−1|c = 0) for p = 2 mm then is fc ≈ 96.7 GHz. The
antenna structure is leaky in the frequency range from ∼ 85 to 110 GHz with
|β−1| < k0. For f < fc the antenna has backfire radiation θm < 0◦, whereas for
f > fc the beam angle is θm > 0◦.
[43]
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Figure 3.24: Calculated dispersion characteristics β−1/k0 − f of the classical NRD guide
with a = d and dimensions in mm a = 1.4 and b = 0.5, fc ≈ 96.7 GHz
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Figure 3.25: E -plane radiation pattern of an NRD guide leaky-wave antenna with discon-
tinuities of type (b) shown in Figure 3.21b with dimensions in mm a = 1.4, b = 0.5, p = 2,
dl = 0.5 and dw = 0.1
3.3.2 Simulation results
The E -plane radiation pattern for the original leaky-wave antenna concept is illus-
trated in Figure A.22 (with dimensions of the discontinuities given in Figure 3.22).
This concept shows good radiation characteristics for the frequency range from
85 to 110 GHz with the gain of the side lobes being at least 10 dB less than the
gain of the main lobe. However, as mentioned before, this concept is not easy
to assemble with discontinuities hanging in the air. Placing the PEC elements di-
rectly on the dielectric rod, o = 0, while leaving the other dimensions untouched,
did not deliver feasable radiation characteristics. Shortening the length of the
stubs to s = 0.5 mm leads to the E -plane radiation pattern given in Figure A.23.
The beam angle θm of the main lobe is shifted compared to the aforementioned
setup and the beam form is distorted. Overall, the concept of placing these dis-
continuities directly on the dielectric rod did not prove to be a a good method for
leaky-wave antennas based on the NRD guide.
Modeling the discontinuities not as PEC elements as described in Figure 3.22,
but as flat PEC surfaces on top of the dielectric (considered as printed on the di-
electric material, with dimensions in mm a = 1.4, b = 0.5, p = 2, dl = 0.5 and
dw = 0.1), delivers the E -plane radiation pattern illustrated in Figure 3.25 with
good radiation characteristics in the frequency range from 95 to 105 GHz. This
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Figure 3.26: beam angle θm of an NRD guide leaky-wave antenna with discontinuities
of type (b) shown in Figure 3.21b on page 78 with dimensions in mm a = 1.4, b = 0.5,
p = 2, dl = 0.5 and dw = 0.1
method proved to be more suitable for a leaky-wave antenna than the afore-
mentioned method with PEC elements. In Figure 3.26 the beam angle θm of
the simulation results is compared to the calculated beam angle. The calculated
beam angle was based on MARCATILI’s method extended in Section 2.3, which
was not completely matching the simulation results. This, and the change of the
propagation characteristics of the NRD guide by the discontinuities, explains the
shift of the beam angle. The maximum gain G dB0 of the main lobe is shown in Fig-
ure 3.27 However, within this concept the size and shape of the discontinuities
is crucial. For dimensions in mm dw = 0.1 and 0.5 the developed leaky-wave an-
tenna offers interesting radiation characteristics. Changing the size of the stubs
as in Figure A.25, the resulting radiation pattern for some values makes the con-
cept unfeasible. The effect of the stubs (or strips) shape and size on the radiating
behaviour still needs to be investigated. The tridimensional radiation pattern of
the stub loaded NRD guide leaky-wave antenna in the frequency range from 92
to 109 GHz are shown in Figures 3.28 to 3.30.
There are approaches to avoid the high reflections (the reflection coefficient
sdB11 for the discussed leaky-wave antenna is shown in Figure A.24) in the fre-
quency range close to broadside radiation by introducing double strips [35]. It
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Figure 3.27: Maximum gain GdB0 of the main lobe of an NRD guide leaky-wave antenna
with discontinuities of type (b) shown in Figure 3.21b on page 78 with dimensions in mm
a = 1.4, b = 0.5, p = 2, dl = 0.5 and dw = 0.1
has to be studied if this is also applicable for this kind of leaky-wave antenna.
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Figure 3.28: Tridimensional radiation pattern of the NRD guide leaky-wave antenna with discontinuities shown in Figure 3.21b for the
frequency range from (a) 92 to (f) 97 GHz with dimensions in mm a = 1.4, b = 0.5, p = 2, dl = 0.5 and dw = 0.1
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Figure 3.29: Tridimensional radiation pattern of the NRD guide leaky-wave antenna with discontinuities shown in Figure 3.21b for the
frequency range from (a) 98 to (f) 103 GHz with dimensions in mm a = 1.4, b = 0.5, p = 2, dl = 0.5 and dw = 0.1
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Figure 3.30: Tridimensional radiation pattern of the NRD guide leaky-wave antenna with discontinuities shown in Figure 3.21b for the
frequency range from (a) 104 to (f) 109 GHz with dimensions in mm a = 1.4, b = 0.5, p = 2, dl = 0.5 and dw = 0.1
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Figure 3.31: E -plane radiation pattern of an NRD guide leaky-wave antenna with strip
discontinuities of type (a) as shown in Figure 3.21a having the dimensions in mm a = d =
1.4, b = 0.5, dl = 0.1 and p = 2
The E -plane radiation pattern for the NRD guide leaky-wave antenna with
strips as discontinuities as shown in Figure 3.21a is illustrated in Figure 3.31 for
in GHz f1 = 90, f2 = 95 and f3 = 100. It can be seen that for the chosen parameters
this type of discontinuities is not delivering appropriate radiation characteristics.
However, the effect of the dimension of the strip width dl needs to be studied
more thoroughly in order to judge about the feasibility of this kind of discontinuity
for the proposed leaky-wave antenna concept.
87
4 CONCLUSIONS
The extension of MARCATILI’s method to be used to analyze the propagation
constant of the primary LSM mode of the NRD guide developed in this thesis
offers an easy way to study the propagation characteristics of the NRD guide. Its
suitability for the design of periodic leaky-wave antennas based on NRD guides
was proven. However, considering the simulation results to be numerically cor-
rect, unlike for dielectric waveguides the calculated propagation constant does
not converge totally to the one obtained from simulating the structure but stays
below that, depending on the geometry of the dielectric rod. The reason for
that, except of a possible error introduced for instance by converging problems
occuring within the simulation, is the assumption that the main electric field com-
ponent is the Ey component and the Ex field component is neglected.
The presented transition from standard metal waveguide to NRD guide marks
a suitable and easy to manufacture way to connect both waveguide types. Aside
from the difficulties at the measurement setup to verify the suitability of the tran-
sition, the measurement of the experimental NRD guide showed its potential to
be used within integrated circuits. Though, in order to achieve both better reflec-
tion and transmission characteristics the NRD guide needs to be assembled more
thoroughly. Especially the position of the dielectric rod between the metal plates
and the placement of the taper section in the standard metal waveguide has to
be optimized in order to get more reliable measurement results. As the same
prototype as for the transition was used for the NRD guide end-fire antenna, the
same problems due to the experimental setup occured for the measurement of
the radiation pattern. However, the developed end-fire antenna offers interesting
applications withing the millimeter wave area.
As the studied NRD guide is operating in the slow-wave region, introducing
discontinuities along the dielectric rod causes the antenna to become leaky. The
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presented concept of an NRD guide, where PMC boundary conditions were as-
signed to the inner surface of the parallel plates and PEC discontinuities were
placed above the dielectric rod, describes a promising design for NRD guide peri-
odic leaky-wave antennas. As the simulation results obtained, certainly not every
type of discontinuity is suitable for this kind of leaky-wave antenna.
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5 OUTLOOK
In order to verify the suitability of the presented transition more accurately, a
more precise prototype needs to be manufactured and measured. A way has to
be found to place the rod exactly in the right position, which is difficult to achieve
by assembling the prototype by hand. A possible way is to prefabricate proper
spacers so that the dielectric rod is both placed symmetrical between the metal
plates and exactly in the right position inside the metal waveguide. For the classi-
cal NRD guide, where the dielectric rod is placed and attached directly between
the metal plates, a prototype with two tapered sections of the dielectric rod can
be microfabricated in an easy way to prove the capabilities of the studied transi-
tion. As the developed NRD guide end-fire antenna is based on the developed
transition, the same arrangements apply for the more accurate verification pro-
cess of its radiating characteristics. Furthermore the measurement setup has to
be enhanced and probes with known radiation characteristics have to be used.
The developed extended MARCATILI’s method proved to be a suitable method
to estimate the propagation constant of the NRD guide mode of interest in order
to realize the proposed NRD guide leaky-wave antennas. The HIS used to model
PMC in real appliactions can be easily placed on the inner surface of the metal
plates. To verify the presented concept the prototype has to be microfabricated
as whole, with the discontinuities placed on top of the dielectric rod. Consid-
ering the effect the discontinuities have on the propagation characteristics and
therefore the radiation characteristics, further research on feasible discontinuities
design needs to be done.
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A.1 NON-RADIATING DIELECTRIC WAVEGUIDES
A.1.1 NRD guide model
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Figure A.1: Simulation results of kz/k0 of the classical NRD guide with a = d
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Figure A.2: Simulation results of the guide wavelength λg of the classical NRD guide
a = d
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A.1.2 MARCATILI’smethod for non-radiating dielectricwaveguides
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Figure A.3: Calculated attenuation constant α of the classical NRD guide with a = d for
b = 0.5 mm
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Figure A.4: Calculated dispersion diagram kz/k0 − f of the classical NRD guide with
a = d = 1.4 mm for different values of the height of the dielectric rod b
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Figure A.5: Calculated dispersion diagram kz/k0 − f of the classical NRD guide with
a = d
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Figure A.6: Calculated guide wavelength λg of the classical NRD guide with a = d
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A.1.3 Standard metal waveguide to NRD guide transition
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Figure A.7: Reflection coefficient sdB11 of transition type (I) for varied transition length v
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Figure A.8: Transmission coefficient sdB21 of transition type (I) for varied transition length
v
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Figure A.9: Reflection coefficient sdB11 of transition type (II) for varied transition length v
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Figure A.10: Transmission coefficient sdB21 of transition type (II) for varied transition length
v
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Figure A.11: Reflection coefficient sdB11 of transition type (IV)
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Figure A.12: Transmission coefficient sdB21 of transition type (IV)
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Figure A.13: Reflection coefficient sdB11 of transition type (III) for in mm a = d = 1.4 and
b = 0.5
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Figure A.14: Transmission coefficient sdB21 of transition type (III) for in mm a = d = 1.4
and b = 0.5
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Figure A.15: Transmission coefficient sdB21 of transition type (III) for in mm a = d = 1.4
and b = 0.5 in the frequency range 85 to 110 GHz
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(b) b = 0.7 mm
Figure A.16: Reflection coefficient sdB21 of transition type (III) for a = d = 1.4 mm
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Figure A.17: Transmission coefficient sdB21 of transition type (III) for a = d = 1.4 mm
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A.2 NON-RADIATINGDIELECTRICWAVEGUIDEANTEN-
NAS
A.2.1 NRD guide end-fire antenna
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Figure A.18: Comparison of the radiation patterns of the NRD guide and the DRW end-
fire antenna for different values of the plate height h in mm at f2 = 85 GHz
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(a) E − plane , f3 = 95 GHz
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Figure A.19: Comparison of the radiation patterns of the NRD guide and the DRW end-
fire antenna for different values of the plate height h in [mm] at f3 = 95 GHz
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Figure A.20: Measured E - and H -plane radiation pattern for f4 = 105 GHz
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Figure A.21: Probe compensation E -plane radiation pattern showing the smoothing
effect
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A.2.2 NRD guide leaky-wave antennas
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Figure A.22: E -plane radiation pattern of the NRD guide leaky-wave antenna concept
shown in Figure 3.22
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Figure A.23: E -plane radiation pattern of the NRD guide leaky-wave antenna concept
shown in Figure 3.22, with in mm o = 0 and s = 0.5
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Figure A.24: Reflection coefficient sdB11 of an NRD guide leaky-wave antenna with discon-
tinuities of type (b) shown in Figure 3.21b on page 78 with dimensions in mm a = 1.4,
b = 0.5, p = 2, dl = 0.5 and dw = 0.1
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Figure A.25: E -plane radiation pattern for different dimensions of the distontinuities with
f = 95 GHz and p = 2 mm
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B LISTINGS
Listing B.1: NRD.m
1 function [ y ] = NRD_param ( a , b , d )
3 global eps
5 E1=3.41^2;
%a=0.5;b=1.0;d=1.2;
7 y = [ ] ;
fmin=75;fmax=110; step =.1 ;
9 kx = [ ] ; ky = [ ] ;
f req =[ fmin : step : fmax ] ;
11 k=[2∗ pi ∗ f req / 3 00 ] ;
13 for f =[ fmin : step : fmax ]
k0=2∗pi ∗ f /300 ;eps=11.9;
15 x=f ind_kx ( k0 ) ;
kx=[kx , x ] ;
17 %eps=(k0^2∗E1−x ^2) / k0^2; %e f f e c t i v e eps i l on
ky=[ky , f i nd_ky ( k0 ) ] ;
19 end
y = ( sqrt ( k .^2∗E1−kx.^2−ky . ^ 2 ) . / k ) ’ ;
21 plot ( f req , sqrt ( k .^2∗E1−kx.^2−ky . ^ 2 ) . / k , ’b ’ )
23
function [ kx ]= f ind_kx ( k0 )
25
kx=fzero (@( x ) Fx ( x , k0 ) , 3 ) ;
27 end
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29
function [ r e s u l t ]=Fx ( kx , k0 )
31 %globa l a d k0 eps ;
gammax=sqrt ( k0^2∗(eps−1)−kx ^2) ;
33 C=tanh ( gammax/ 2 ∗ ( d−a ) ) ;
35 r e s u l t=kx∗a−pi+2∗atan ( kx /gammax∗C ) ;
end
37
39
function [ ky ]= f ind_ky ( k0 )
41
ky=fzero (@( x ) Fy ( x , k0 ) , k0 ∗2 ) ;
43 end
45
function [ r e s u l t ]=Fy ( ky , k0 )
47 %globa l a d k0 eps ;
gammay=sqrt ( k0^2∗(eps−1)−ky ^2) ;
49
r e s u l t=ky∗b−pi+2∗atan ( ky /gammay / eps ) ;
51 end
53 end
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C LONGITUDINAL AND TRANSVERSE
FIELD COMPONENTS
∇×H = jωεE , (C.1a) −∇× E = jωµH . (C.1b)
As described in [21] the electric and magnetic field can be expressed in longitu-
dinal and transverse field components. Using the definition
∇ = ∇t + ez ∂
∂z
(C.2)
the electric and magnetic field can be described as
E = ezEz + Et , H = ezHz +Ht . (C.3)
Inserting equation (C.2) and equation (C.3) into equations (C.1) leads to￿
∇t + ez ∂
∂z
￿
× (Ht + ezHz) = jωε (ezEz + Et) ,
∇t ×Ht + ez ∂
∂z
×Ht +∇t × ezHz = jωε (ezEz + Et) (C.4)
and ￿
∇t + ez ∂
∂z
￿
× (Et + ezEz) = −jωµ (ezHz +Ht) ,
∇t × Et + ez ∂
∂z
× Et +∇t × ezEz = −jωµ (ezHz +Ht) . (C.5)
These equations can be divided into a longitudinal (z ) and a transverse (t) compo-
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nent:
z: ∇t × Et = −jωµezHz , (C.6)
∇t ×Ht = jωεezEz , (C.7)
t: ez
∂
∂z
× Et +∇t × ezEz = −jωµHt , (C.8)
ez
∂
∂z
×Ht +∇t × ezHz = jωεEt . (C.9)
To eliminate Et (C.9) is written in the form
Et =
1
jωε
￿
ez
∂
∂z
×Ht +∇t × ezHz
￿
(C.10)
and insert it in equation (C.8) with ∂∂z = −jkz (according to ??) and k2 = ω2µε
being the wave number in the filling material:
−jωµHt = ez ∂
∂z
×
￿
1
jωε
￿
ez
∂
∂z
×Ht +∇t × ezHz
￿￿
+∇t × ezEz ,
= − kz
ωε
(∇tHz + jkzHt) +∇× ezEz ,
Ht = −j kzk2∇tHz +
k2z
k2
− j ωε
k2
ez ×∇tEz , (C.11)
using the identities
ez × (∇t × ezHz) = ∇tHz , (C.12)
ez × (ez ×Ht) = −Ht , (C.13)
∇t × ezEz = −ez ×∇tEz . (C.14)
Now it is possible to write Ht depending on the longitudinal components Ez and
Hz only:
Ht =
1
k2z − k2
(jkz∇tHz + jωεez ×∇tEz) . (C.15)
The equation for Et can be derived analogously:
Et =
1
k2z − k2
(jkz∇tEz − jωµez ×∇tHz) . (C.16)
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Figure D.1: HFSS NRD model showing the simulation boundaries and the dimensions of
the NRD guide and the dielectric rod in mm
It is possible to obtain the dispersion curve of the NRD guide from simulation re-
sults in an analytical way. Therefore a structure as shown in Figure D.1 has been
simulated in HFSS. The parallel metal plates were presented as perfect electric
conductor (PEC) boundaries and radiation boundaries (RBC) were assigned to the
top and bottom layer of the model.
After simulation the phase shift ϕ|s21 of the wave at the ouput port compared
to the incident wave at the input port was studied (Figure D.2. The propagation
constant kz can be calculated by
kz =
|φ|
L
(D.1)
where L is the length of the guiding structure and φ the phase shift the field expe-
riences along the length of the waveguide. As the phase shift at the output port
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Figure D.2: Phase shift ϕs21 at the output port compared to the incident phase at the
input port
is only relative to the phase at the input port the distribution of the electric field
along the waveguide had to be examined for the lowest frequency of the studied
frequency range fl = 75 GHz. The field distribution is presented in Figure D.3.
The propagation constant kz is the spatial equivalent to freuency representing
the number of nodes of the field per unit length. The overall phase shift of the
wave along the waveguide is then determined by
φ = φs21 − 2π · N (D.2)
where N is the number of rotations the incident wave experiences along the
guiding structure obtained from Figure D.3. With N75 GHz = 8 the phase shift φ is
shown in Figure D.4 and using equation (D.1) the dispersion diagram kz/k0 − f ,
with k0 = 2πλ0 being the wavenumber in free space, shown in Figure D.5 was
plotted. With the relation of the guide wavelength λg to the propagation constant
kz
λg =
2π
kz
(D.3)
the guide wavelength was calculated (Figure D.6) which is crucial for the design
of leaky-wave antennas based on NRD guides.
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Figure D.3: Magnitude of the electric field in the vertical plane of the NRD guide model at
fl = 75 GHz showing the number of full rotations the electromagnetic wave experience
along the guide structure (N = 8)
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Figure D.4: Cumulative phase shift φs21 along the NRD guide structure at the output port
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Figure D.5: Dispersion curve kz/k0 − f of the NRD guide model
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Figure D.6: Guide wavelength λg − f of the NRD guide model
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E DIELECTRIC ROD WAVEGUIDE AN-
TENNA
Figure E.1: Schematic model of the dielectric rod waveguide antenna with RWG to DRW
transition
In [9] a dielectric rod waveguide antenna excited by a rectangular waveguide for
theW frequency band from 75 to 110 GHzwas introduced (its schematic is shown
in Figure E.1). The dimensions of the dielectric rod are in mm a = 0.5, b = 1 and
m = 6 for the length of the taper section (compare to Figure 2.29 on page 45) and
its simulation model with E and H symmetry planes is sketched in Figure E.2.
The polar radiation patterns for f1 = 75 GHz, f2 = 85 GHz and f3 = 95 GHz are
shown in Figure E.3 and the normalized gain G dB − G dB0 in Figures E.4 to E.6.
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Figure E.2: (a) Cross-section of the metal waveguide to DRW transition and (b) DRW
end-fire antenna simulation cross-section with dimensions in mm a = 2a￿ = 0.5 and
b = 2b￿ = 1
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Figure E.3: Radiation patterns of the DRW end-fire antenna
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Figure E.4: Normalized gain GdB − GdB0 of the DRW antenna for f1 = 75 GHz
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Figure E.5: Normalized gain GdB − GdB0 of the DRW antenna for f2 = 85 GHz
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Figure E.6: Normalized gain GdB − GdB0 of the DRW antenna for f3 = 95 GHz
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